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ແઢप೾਺ΤφδʔϋʔϕεςΟϯάʢRF-EH: Radio Frequency Energy-Harvestingʣ
ٕज़ͷൃలʹΑͬͯڥ؀தͷແઢप೾਺ʢRF: Radio FrequencyʣΤωϧΪʔΛޮ཰తʹճ
ऩ͢Δ͜ͱ͕ՄೳͱͳΓɼճऩͨ͠ΤωϧΪʔΛ༻͍ͯ௨৴Λ͏ߦແઢిڅ௨৴γεςϜ














ૹ৴୺຤ (BTx: Backscatter Transmitter) ͸ɼΞϯςφʹೖࣹͨ͠ڥ؀தͷແઢ৴߸Λ
൓ࣹ·ͨ͸ٵऩ͢ΔΦϯΦϑΩʔΠϯά (OOK: On-Off Keying) ཚมࢄํޙ͍ͨͮجʹ
ௐΛ༻͍ͯɼड৴୺຤ (BRx: Backscatter Receiver)ʹରͯ͠৘ใΛૹ৴͢Δɽ BTx͸ߴ
प೾εΠονϯάճ࿏Λ༻͍Δ͜ͱͰɼ0.25µWͷফඅిྗͰ 100 bits per second (bps)
͔Β 10 kbpsͷ఻ૹϨʔτΛ࣮͢ݱΔ௒௿ফඅిྗ௨৴ΛՄೳͱ͢Δɽ͔͠͠ɼOOKʹ



































(ATx: Ambient Transmitter) ͓ΑͼBRxͱͯ͠ར༻ͨ͠BackFiγεςϜ͕ఏҊ͞Εͯ
͍Δ [9]ɽBackFiγεςϜʹ͓͚ΔBTx͸ҟͳΔిؾ௕Λͭ࣋M ͷ఻ૹઢ࿏ͱରԠ͢ݸ
ΔRFεΠονΛ۩උ͠ɼૹ৴৘ใʹԠͯ͡఻ૹઢ࿏Λબ୒͢Δ͜ͱͰM Ґ૬ภҠม࣍
















































































ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ
2.1.1 ωοτϫʔΫϞσϧ
ਤ 2.1ʹɼຊষͰ૝ఆ͢ΔωοτϫʔΫϞσϧΛࣔ͢ɽωοτϫʔΫ಺ʹ͸ 2୆ͷΤω
ϧΪʔϊʔυʢEN: Energy NodeʣEN(0)ɼEN(1)ɼ͓ΑͼWDͱAP͕ͦΕͧΕ 1୆ͣͭ
ଘ͢ࡏΔɽEN(0)ͱ EN(1)͸ͦΕͧΕप೾਺ f (0)ͱ f (1)ͷ৴߸Λૹ৴͢ΔిྗݯͰ͋Δɽ
Ҏ߱Ͱ͸ɼ(·)(i), i ∈ {0, 1}͸प೾਺Λද͢ΠϯσοΫεͱ͢ΔɽWD͸ ENͷૹ৴৴߸
͔Βճऩͨ͠ΤωϧΪʔΛεʔύʔΩϟύγλʹ஝͑ɼͦͷΤωϧΪʔͷΈΛ࢖༻ͯ͠
AP΁৘ใૹ৴Λ͏ߦɽ
EN(i) ͷૹ৴৴߸Λ x(i)EN ∼ CN (0, 1)ɼEN(i) ͷ౳Ձ౳ํ᫔ࣹిྗʢEIRP: Equivalent
























































ͷΠϯσοΫεΛ ·(i′), i′ = 1− iͱද͢هΔɽ
7






















 T (1    )T







͏΋ͷͱ͢ΔɽHTTϓϩτίϧ͸ɼؒ࣌ϑϨʔϜ T Λμ΢ϯϦϯΫʢDL: DownLinkʣ
ϑΣʔζͱΞοϓϦϯΫʢUL: UpLinkʣϑΣʔζͷ 2ͭͷϑΣʔζʹ෼ׂ͠ɼͦΕͧΕ









ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ
ಘΔճऩిྗ͕ SGCʹඞཁͳฏۉճ࿏ফඅిྗΑΓ΋େ͖͍৔߹ɼf (i)͔ΒΤωϧΪʔ
Λճऩ͢Δඞཁ͕ͳ͘ͳΓɼτ = 0ɼ͢ͳΘͪɼWD͸ৗʹप೾਺ f (i)Λ༻͍ͯ SGCʹΑ
Δ৘ใૹ৴Λ͜͏ߦͱ͕Ͱ͖ΔɽENͷૹ৴৴߸͸APʹ͓͍ͯWDͷૹ৴৴߸ʹׯবΛ










P (i)WD = max
{
P (i)h τ + P
(i′)
h − Pc,SGC


























































































































͜͜Ͱɼb ∈ {0, 1}͸ૹ৴৘ใϏοτͰ͋Δɽ͜ͷͱ͖ɼड৴৴߸ y(i)AP͸ࣗ༝౓ 2ͷΧΠ
10












































AmBCͷ࠷େεϧʔϓοτ͸ 1 bpcuͰ͋Δ͔ΒɼSGCͷεϧʔϓοτ͕ 1 bpcuΛ௒
͑Δ৔߹ɼ͢ͳΘͪࣜ࣍Λຬͨ͢৔߹ʹ͓͍ͯɼSGC͸ৗʹ AmBCΑΓ΋͍ߴεϧʔ
ϓοτΛୡ੒͢Δɽ
T (i)p,SGC > 1 (2.14)
͜͜Ͱ͸ҰൠੑΛࣦΘͣɼT (0)p,SGC = 1ͱͳΔڑ཭ d
(0)
1 Λղੳ͢Δɽ௨৴ʹར༻Մೳͳి



























ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ
͜͜Ͱɼτ ′(0)ɼA0ɼB0ɼCɼD0ɼ͓Αͼ ξ͸ͦΕͧΕҎԼͷΑ͏ʹ༩͑ΒΕΔɽ





































































WD͕प೾਺ f (0)Λ༻͍ͯ௨৴Λ͏ߦ΂͖৚݅͸ T (0)p,SGC − T
(1)








































ࣜɼʹ࣍ (2.25)Ͱ༩͑ΒΕΔTrapezoidal Euler’s LogʢTELOGʣۙࣅ [19]Λࣜ (2.24)
ʹద༻͢Δɽ


















ྗΑΓ΋େ͖͍৔߹ʹ͍ͭͯݕ౼͢Δɽ͜ͷͱ͖ɼD0/ξ + 1 < 0Ͱ͋Δ͔Βɼࣜ (2.24)
͸ࣜ࣍ͷΑ͏ʹมܗͰ͖Δɽ


















प೾਺ f (1)Λ৘ใ఻ૹʹ༻͍Δ৔߹ʹ͍ͭͯ΋ಉ༷ʹۙࣅΛద༻͢ΔͱɼT (1)p,SGC͸ࣜ࣍
Ͱද͞ݱΕΔɽ









































ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ
ࣜ (2.26)͓Αͼࣜ (2.27)Λ༻͍ͯࣜ (2.23)Λ੔ཧ͢Δ͜ͱͰɼࣜ࣍ΛಘΔɽ

































ξ3 + F ξ2 +Gξ +H ≥ 0 (2.34)
ͨͩ͠ɼFɼG͓ΑͼH͸ҎԼͷࣜͰ༩͑ΒΕΔɽ
F ! D0 +D1 +
−τ ′(0)D0 + τ ′(1)D1
E
(2.35)
G ! D0D1 +
−τ ′(0)D0(D0 + 2D1) + τ ′(1)D1(2D0 +D1)
2E
(2.36)
H ! D0D1 −
(



















ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ
ද 2.1: γϛϡϨʔγϣϯॾݩ
f (0) 550MHz f (1) 2400MHz
EIRP(0) 111.52 kW EIRP(1) 1W
η(0)max, η
(1)



































Δͱ͠ɼ͍ߴ EIRP(1)ͱ୹͍ d(1)1 ΛԾఆͨͨ͠ΊͰ͋Δɽ·ͨɼd
(0)
1 ͕ 5.4 kmΛ௒͑Δ
ൣғͰ͸ɼप೾਺ f (1)Ͱ௨৴Λͨͬߦ৔߹ͷ SGCͷεϧʔϓοτ͕ݮʹܹٸਰ͠ɼप೾
਺ f (0)Ͱ௨৴ͨ͠৔߹ͷεϧʔϓοτΛԼճ͍ͬͯΔɽ͜Ε͸ɼf (0)͔Βճऩ͢ΔΤωϧ






EN(0)–WDؒڑ཭͕ d(0)1 = 25 kmͷ৔߹ʹɼճ࿏ͷফඅిྗ Pc,SGCͱిྗճऩ༻ड৴Ξ
ϯςφͷઈରརಘG(i)RX͕ SGCͷεϧʔϓοτʹ༩͑ΔӨڹΛਤ ༺ɽిྗճऩࣔ͢ʹ2.6




RX = 2.3 dB ͱ͢Δ͜ͱͰ΋ɼಉ༷ͷεϧʔ
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ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ




5.4 [km] 7.3 [km]
ਤ 2.5: ҟͳΔEN(0)–WDؒڑ཭ d(0)1 ʹରͯ͠ SGCͱAmBC͕ͦΕͧΕୡ੒͢Δεϧʔ
















͍ͨͨΊɼຊདྷͷަࠩ఺ΑΓ΋໿ 220m཭Ε͍ͯΔ͕ɼ͜Ε͸ SGCͷ௨৴Մೳڑ཭ 8 km
ͱൺֱͯ͠े෼ʹখ͍͞ͱ͑ݴΔɽ
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ୈ 2 ষ ෳ਺प೾਺Λ༻͍ͨແઢిڅ௨৴ʹ͓͚Δ௨৴ํࣜઃܭ









SGCͷεϧʔϓοτɽEN(0)–WDؒڑ཭Λ d(0)1 Λ 25 kmͱ͍ͯ͠Δɽ
ୈ 2.2ʹ͓͍ͯɼTELOGۙࣅΛద༻͢ΔͨΊʹD0/ξ < −1͓ΑͼD1/ξ < −1 ΛԾఆ
͕ͨ͠ɼ੾Γସ͑஍఺ʹ͓͚Δ஋͕ͦΕͧΕD0/ξ = −1.18͓ΑͼD1/ξ = −1.21Ͱ͋Δ
͜ͱ͔Βɼ2.2ʹ͓͚ΔTELOGۙࣅ͸ద੾Ͱ͋Δͱ͑ݴΔɽ͕ͨͬͯ͠ɼۙࣅΛ࢖༻͠
ͨͨΊʹɼ੾Γସ͑஍఺͸࠷దͳεϧʔϓοτަ఺͔ΒΘ͔ͣʹဃ཭͍ͯ͠Δɽͦͷࠩ
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5000 5100 5200 5300 5400 5500
with switching














ΑͼεΠονϯάճ࿏Λ۩උ͠ɼVDDϙʔτʹ 1.65V͔Β 2.75Vͷ DCిѹΛҹՃ͢
19












Ͱ͋ΓɼΞϯϥΠηϯεόϯυͰ͋Δ 925MHz ʹ͓͍ͯ −0.36 dBͰ͋ͬͨɽ͜Ε͸ɼ
AmBCʹར༻͞ΕΔՄೳੑͷ͋Δप೾਺ͷి೾Λ΄΅ଛࣦͳ͘൓ࣹ͓ͯ͠Γɼ௨৴༻్
Ͱ͋Ε͹๬·͍͠ಛੑͰ͋Δɽ·ͨɼεΠονϯάճ࿏͕௨աঢ়ଶͷ৔߹ɼS11ύϥϝʔ
λ͸ 550MHzʹ͓͍ͯ−24.6 dBͰ͋Γɼ925MHzʹ͓͍ͯ−23.5 dBͰ͋ͬͨɽ௨աঢ়
ଶͱ൓ࣹঢ়ଶͷ S11ύϥϝʔλͷࠩ͸໿ 20 dBҎ্͋ΓɼAmBCड৴ػ͸εΠονϯά
ճ࿏ͷঢ়ଶΛे෼ʹ൑ผՄೳͰ͋Δͱ͑ߟΒΕΔɽ
ADG902ͷ௨աಛੑΛࣔ͢ S21ύϥϝʔλΛਤ 3.3bʹࣔ͢ɽεΠονϯάճ࿏͕௨ա
ঢ়ଶͷ৔߹ɼS21ಛੑ͸ 550MHzʹ͓͍ͯ−0.68 dBͰ͋Γɼ925MHzʹ͓͍ͯ−0.92 dB
Ͱ͋ͬͨɽೖྗ৴߸ͷप೾਺͕ 1GHzະຬͷྖҬʹ͓͚Δ S21ύϥϝʔλ͸ 1 dBҎԼͰ
͋Γɼ΄΅ଛࣦͳ͘৴߸͕௨ա͍ͯ͠ΔɽΑͬͯɼADG902ͷޙஈʹRF-EHճ࿏Λ઀ଓ
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(a) S11ύϥϝʔλ (b) S21ύϥϝʔλ
ਤ 3.3: εΠονϯάճ࿏ADG902ͷ Sύϥϝʔλಛੑɽ
ͯ͠RFి೾Λٵऩ͢Δճ࿏Λ࣮૷ՄೳͰ͋Δͱ͑ߟΒΕΔɽ
3.1.2 AmBCΛ͏ߦड৴ճ࿏ͷ࣮૷ݕ౼
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ද 3.1: ड৴ճ࿏ͷύϥϝʔλॾݩ [1]ɽࠨ୺ͷ਺஋͸ཁٻ఻ૹϨʔτͰ͋Δɽ
R1 [Ω] R2 [Ω] C1 [F] C2 [F]
100 [bps] 150 k 10M 27 n 200 n
1 [kpbs] 150 k 10M 4.7 n 10 n
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ਤ 3.6: ड৴ճ࿏ଌఆܥɽࠨɿଌఆܥ֎؍ਤɼӈɿड৴ճ࿏֦େਤɽ
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਺ 50 kHz)ɼ੨ɿൺֱث (TS881)ͷग़ྗ৴߸
ਤ 3.7: ड৴ճ࿏֤෦ͷిѹڍಈɽ
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ରͯ͠ VDD = 2.3VͷిݯΛ͠څڙɼਤ 3.9bͰද͞ΕΔ੍ޚ৴߸ΛҹՃ͢Δɽ͜ΕʹΑ
Γɼᮢ஋ VDD/2ʹର͢Δ੍ޚ৴߸ͷߴ௿ʹΑͬͯͦΕͧΕ൓ࣹɾٵऩΛ࣮ݱͰ͖Δɽ
ड৴ثͱͦͷճ࿏ਤΛͦΕͧΕਤ 3.10aͱਤ 3.10bʹࣔ͢ɽड৴ث͸Keysightͷ 8473C
แབྷઢݕ೾͓ثΑͼిѹൺֱճ࿏͔Β੒Δɽ8473Cแབྷઢݕ೾ث͸ෛిѹΛग़ྗ͢Δͨ























































































(a) ૹ৴৴߸ग़ྗ 10 dBm ʹ͓͚Δड৴৴߸ɽ
ԫɿ൓స૿෯͓Αͼฏ׈Խ৴߸ʢਤ 3.9bͷ (1)
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ຊڀݚͰѻ͏৽ͨͳAmBCγεςϜϞσϧΛਤ4.1ʹࣔ͢ɽຊγεςϜͰ͸ɼഎܠ৴߸ૹ
৴ػ (ATx: Ambient Transmitter)ͱࢄํޙཚ৴߸ૹ৴ػ (BTx: Backscatter Transmitter)
͓Αͼࢄํޙཚ৴߸ड৴ث (BRx: Backscatter Reveiver)͕ͦΕͧΕ 1୆ͣͭଘ͠ࡏɼͦ Ε












߸ͷݸ਺ΛK ͱ͢Δɽୈ kγϯϘϧؒ࣌ʹ͓͚Δୈ iαϒΩϟϦΞͷप೾਺ྖҬͷط஌








N , k = 0, . . . , K − 1 (4.1)
͜͜ͰɼWN ! e−j2π/N ͸ճసࢠͰ͋Δɽط஌৴߸͸γϯϘϧؒ࣌ΠϯσοΫε kʹґ
Βͣ s0[i] = sk[i]͕੒ΓཱͭͨΊɼຊߘͰ͸ kʹରͯ͠ಠཱͨ͠දه s̃[i] ! s̃0[i]͓Αͼ
s[n] ! s0[n]Λ࢖༻͢Δ. ATx͸ࣜ (4.1)Ͱද͞ΕΔྖؒ࣌Ҭ৴߸ͷઌ಄ʹ८ճϓϨϑΟο
ΫεΛ௥Ճ͠ɼࣜ࣍Ͱද͞ΕΔ৴߸Λૹ৴͢Δɽ
sCP[n] ! s[n mod N ], n = −Nc, . . . , N − 1 (4.2)
௚઀ܦ࿏ʹ͓͚ΔϚϧνύε਺Λ L1ɼ௚઀ܦ࿏ͷ௨৴࿏ΠϯύϧεԠ౴Λ h1[n] ∼
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͜͜Ͱɼh3[n] ∼ CN (0, 1/L3) ͸BTx–BRxؒͷ௨৴࿏ΠϯύϧεԠ౴ɼL3͸BTx–BRx
ؒͷϚϧνύε਺Λද͢ɽ
ࣜ (4.3)͓Αͼࣜ (4.6)ΑΓɼྖؒ࣌Ҭʹ͓͚ΔBRxͷ૯ड৴৴߸͸ࣜ࣍Ͱද͞ΕΔ [2]ɽ
yk[n] = yd,k[n] + yb,k[n] + vk[n] (4.7)

























vk ! [vk[0], · · · , vk[N − 1]]T ∈ CN×1 (4.11)




wN(0) wN(1) · · · wN(N − 1)
]
∈ CN×N , (4.12)
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. . . hi[Li − 1]
hi[Li − 1]
...
. . . 0
... hi[Li − 1]
. . .
...
0 0 · · · hi[0]
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦





͜͜ͰɼB ∈ CN×N ∈ AB ͸ fb(·, ·) ʹରԠ͢ΔࢄํޙཚมௐΛද͢มௐྻߦͰ͋ΓɼAB
͸ೱ౓͕ |AB| = M ͷมௐྻߦΞϧϑΝϕοτͰ͋Δɽ















Λ࣮͢ݱΔͨΊͷճ࿏ઃ͓ܭΑͼ fb(xm, wk[n]) ͱ Bͷఆٛʹ͍ͭͯड़΂Δɽ͜͜Ͱɼ
X ! {x0, . . . , xm, . . . , xM−1} Λ৘ใΞϧϑΝϕοτͱ͢Δɽ
(1) PSK
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Switching circuit





Load M − 1
ਤ 4.2: ҟͳΔΠϯϐʔμϯεΛͭ࣋M ͷෛՙ͔Β੒Δݸ PSKมௐث
͕ͨͬͯ͠ɼࢄํޙཚมௐΛදؔ͢਺͸ࣜ࣍Ͱද͞ΕΔɽ
f(xm, wk[n]) = |Γm|ejθmwk,in[n] (4.17)
(4.17)Ͱද͞ΕΔมௐ͕AmBCʹ͓͚ΔPSKͰ͋Γɼ͜ Ε͸PSKʹ͓͚ΔίϯελϨʔ
γϣϯAθ ! {θ0, . . . , θm, . . . , θM−1}ʹର͢ΔࣹӨؔ਺ lθ : X → Aθͱ౳ՁͰ͋Δɽ
؆୯ͷͨΊʹɼશͯͷෛՙʹ͓͚Δݮਰ͕౳͍͠ɼ͢ͳΘͪ |Γ0| = |Γ1| = · · · = |ΓM−1|
Ͱ͋ΔͱԾఆ͠ɼPSKΛ༻͍ͨ৔߹ͷݮਰ܎਺Λ αp ! |Γ0|ͱ͓͘ͱɼࣜ (4.17)ͱB͸
Ͱද͞ΕΔɽࣜ࣍





ejθm 0 · · · 0

























Delay circuit M − 1
DSK based backscatter modulator
ਤ 4.3: ҟͳΔ఻ൖ஗ԆΛͭ࣋M ཚมௐࢄํޙΔ͢ݱͷ஗Ԇճ࿏͔ΒͳΔɼDSKΛ࣮ݸ
ɽث
ϯϓϧྔΛ dmͱ͠ dm+1 ! dm+∆dͰ͋Δ΋ͷͱ͢Δɽ͜ͷͱ͖ɼBTx͕DSKʹར༻Ͱ
͖ΔมௐΞϧϑΝϕοτΛ஗Ԇू߹ͱݺশ͠ɼAd ! {dm|d0+m∆d,m = 0, 1, . . . ,M −1}
Ͱද͢هΔɽDSK͸஗Ԇू߹ʹର͢Δʹର͢ΔࣹӨؔ਺ ld : X → Ad ͱ౳ՁͰ͋Δɽ
DSKΛ༻͍Δ৔߹͸ɼഎܠγεςϜʹΩϟϦΞؒׯবΛ͜͞ىͳ͍Α͏ʹɼBRxʹ͓͚




fb(xm, wk[n]) ! αdwk[n− dm], (4.20)
͜͜Ͱɼαd ∈ [0, 1) ͸DSKΛ༻͍ͨ৔߹ͷݮਰ܎਺Ͱ͋Δɽ
Ҏ্ΑΓɼDSKΛ༻͍ͨ৔߹ͷࢄํޙཚมௐྻߦB͸ࣜ࣍Ͱද͞ΕΔɽ





0 0 · · · 0 1
1 0 · · · 0 0






0 0 · · · 1 0
⎤
⎥⎥⎥⎥⎥⎥⎦
∈ {0, 1}N×N (4.22)
Ͱ͋ΓɼT0͸N ×N ͷ୯ҐྻߦͰ͋Δͱ͢Δɽ
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4.2 ௨৴࿏ਪఆϓϩτίϧͱط஌৴߸ʹ͍ͨͮج෮ௐث
ຊઅͰ͸·ͣɼैདྷڀݚͰఏҊ͞Εͨಉ࠷࣌໬ (JML: Joint Maximum Likelihood) ෮
ௐثʹ͍ͭͯड़΂Δɽ࣍ʹɼఏҊ෮ௐثΛ༻͍ΔͨΊͷ௨৴࿏ਪఆϓϩτίϧΛड़΂ɼ࠷
ΛఏҊ͢Δɽث஌৴߸Λར༻ͨ͠෮ௐطγεςϜͷܠഎʹޙ
਺্ࣜͷ؆ུԽͷͨΊʹɼu ! [1, 1, . . . , 1] ∈ {1}1×N , H̃ ! WH1WH+WH3BH2WH ∈


































Λ ̂̃s ! [ŝk[0], . . . , ŝk[N − 1]] ∈ CN×1 ͱ͢Δͱɼ࠷దͳࢄํޙཚมௐྻߦ͸ࣜ࣍Ͱ༩͑Β
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ỹP1 = ỹd +WvP1 (4.27)
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ୈ 2ϑΣʔζʹ͓͍ͯɼBTx͸ୈ 0൓ࣹճ࿏ΛΞϯςφʹ઀ଓ͠ɼड৴৴߸Λ൓ࣹ͢
Δ. ͜ͷͱ͖ͷࢄํޙཚมௐྻߦBmΛ༻͍ͯɼ BRxͷड৴৴߸͸ࣜ࣍Ͱද͞ΕΔɽ













∥∥ỹk − ỹd −WH3H2BmWHs̃
∥∥2 (4.29)
ࣜ৘ใ఻ૹʹΑΓɼͮ͘جʹ߸৴ܠ஌ͷഎط (4.29)ͷ୳ྔࡧ͸K|AB|·Ͱ௿͞ݮΕ͍ͯ





ΔɽDSKΛ༻͍ͨ৔߹ͷࢄํޙཚมௐྻߦ͸B = Tdm Ͱ͋Δ͔ΒɼBTxͷਅͷૹ৴৴
߸͓ΑͼBRxʹ͓͚ΔޡΓ෮߸৴߸ΛͦΕͧΕ xm ! Tdms͓Αͼ x̃m ! Td̃msͱఆٛ͢
Δɽ͜ͷͱ͖ɼ৚݅෇͖ϖΞϫΠζޡΓ֬཰ (PEP: Pairwise Error Probability)͸ࣜ࣍Ͱ
༩͑ΒΕΔɽ










∥H3H2(xm − x̃m)∥22 (4.31)
νΣϧϊϑ্քΛ ΛಘΔɽࣜ࣍ద༻͢Δ͜ͱͰʹࣜ(4.30)
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ϑΣʔδϯά௨৴࿏Ͱ͋Δڥ؀Λ૝ఆ͠ɼL2 > 1͓Αͼ L3 > 1Ͱ͋ΔͱԾఆ͢Δɽ·




|h2(ℓ2)|2∥H3(xm − x̃m)∥22 (4.34)




xm(0) · · · xm(N−1) 0 · · · 0
0
. . . . . . . . . . . .
...
...
. . . xm(0)
. . . xm(N−1) 0




͜͜Ͱɼྻߦ (Xm−X̃m)(Xm−X̃m)H ∈ CL3×L3ͷୈℓ3+1ݻ༗஋Λλ(ℓ3), ℓ3 = 0, 1, . . . , L3−














λ(ℓ3)|β(ℓ3)|2ͱఆٛ͠ɼ֬཰ม਺ Y ! X1X2
ͷಛੑؔ਺ΛΦY (ω)ͱ͢Δɽ͜͜Ͱɼ(4.30)ࣜͱ Αͼ͓ࣜ(4.36) Y ʹؔ͢ΔฏۉԽૢ࡞
ΑΓࣜ࣍ΛಘΔɽ

























































































͜͜Ͱɼม਺ µ > 0, ν > 0 ʹରͯ͠ɼจݙ [28]ΑΓ͕ࣜ࣍੒Γཱͭɽ
∫ ∞
0
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4.4 ਺஋݁Ռ
ຊઅͰ͸ɼఏҊํࣜΛ SERಛੑͷ؍఺͔ΒධՁ͢ΔɽҎৄޙड़͕ͳ͍ݶΓɼॾݩͱ͠














SERಛੑΛਤ ɽಉਤ͔Βɼ∆dࣔ͢ʹ4.4 > L2 +L3 − 1Λຬͨ͢ൣғͰ SER͕࠷খԽ͞
Ε͍ͯΔ͜ͱ͕Θ͔Δɽ͜Ε͸ɼ఻ൖ࿏Ͱൃੜ͢Δ఻ൖ஗Ԇʹ͍ؔͯ͠܎Δɽ఻ൖ࿏Ͱ
͸L2 +L3 − 2ͷ఻ൖ஗Ԇ͕ൃੜ͢ΔͨΊɼBTxͷ஗Ԇճ࿏ͷ஗Ԇ͕ࠩ∆d ≤ L2 +L3 − 2
ͷͱ͖ɼBRx͸ड৴৴߸ͷ஗ԆͷݪҼ͕఻ൖ࿏ʹΑΔ΋ͷ͔஗Ԇճ࿏ʹΑΔ΋ͷ͔۠ผ




DSK͕ୡ੒͢Δ SERಛੑΛਤ ਺M࣍ɽͨͩ͠ɼมௐࣔ͢ʹ4.5 = 2, 4, 8ʹର͢Δ஗ԆΞ
ϧϑΝϕοτΛͦΕͧΕAd = {0, 4}, {0, 4, 8, 12}, {0, 4, . . . , 32}ͱͨ͠ɽಉਤΑΓɼมௐ
਺M࣍ = 2 (1 bits/s/Hz)ʹ͓͍ͯɼ֤ڥ؀Ͱ PSKͱDSK͕ಉ౳ͷ SERಛੑΛୡ੒͢
Δ SNR͸ 3 dBͷဃ཭͕͋ΓɼPSK͕ΑΓ༏Εͨ SERಛੑΛࣔ͜͢ͱ͕Θ͔ΔɽҰํɼ
มௐ࣍਺͕M = 8 (3 bits/s/Hz)ͷ৔߹ɼDSK͸ PSKʹର͓ͯ͠Αͦ 3 dBͷ SNRརಘ
Λ֫ಘ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͜Ε͸ɼଳҬར༻ޮ཰ͷ૿Ճʹର͢Δ֤มௐํࣜͷ࠷খ
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(a) (L2, L3) = (2, 2)








(b) (L2, L3) = (4, 2)
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SNR [dB]















































(d) DFSϑΣʔδϯάڥ؀ɼ(L2, L3) = (4, 2)
ਤ 4.5: ఏҊγεςϜʹ͓͚ΔҟͳΔมௐ࣍਺M ʹର͢Δ PSKͱDSKͷ SERಛੑɽ
4.4.3 ఏҊγεςϜͱैདྷγεςϜͷSERൺֱ
ɼैདྷγεςϜʹޙ࠷ [2]ͱఏҊγεςϜ͕DSK·ͨ͸ PSKΛ༻͍ͨ৔߹ͷ SERಛ
ੑΛਤ ɽͨͩ͠ɼϖΠϩʔυ෦ͷύΠϩοταϒΩϟϦΞ਺͸ࣔ͢ʹ4.6 4Ͱ͋Δͱ͠ɼ
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SNR [dB]






























































(d) DFSϑΣʔδϯάڥ؀ɼ(L2, L3) = (4, 2)
ਤ 4.6: ैདྷγεςϜ [2]ͱఏҊγεςϜʹ͓͚ΔDSK͓ΑͼPSKͷ SERಛੑɽຌྫத
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